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Herein, we discuss the identification of vanadium trimers in layered LiVO2 and its sulfide analog
of LiVS2 with two-dimensional triangular lattices. Our comprehensive structural studies using
synchrotron X-ray diffraction experiments clarified that vanadium trimers are randomly aligned
along the c-axis direction in LiVO2, while the long-range ordering of vanadium trimers along the
c-axis direction appears in LiVS2. Our results solve the longstanding issue of cluster patterns in
LiVO2 and provide an experimental basis for identifying the mechanism of trimer formation.
The entanglement of multiple electronic degrees of free-
dom in transition metal compounds frequently results
in the spontaneous formation of clusters, called orbital
molecules [1–10]. Recent structural studies have suc-
cessfully clarified the complex arrangement of clusters,
such as “octamers” in CuIr2S4 [1], “helical dimers” in
MgTi2O4 [2], “pairs of trimers and tetramers” in AlV2O4
[3] and magnetic “trimerons” in Fe3O4 [4]. However, in
layered LiVO2 with a two dimensional triagular lattice,
the pattern of clusters has never been identified despite of
the intensive structural studies over a half century [11–
15] since J.B. Goodenough proposed the emergence of
“trimers” based on the discussion of symmetry in 1963
[16]. Nevertheless, many theoretical efforts have been de-
voted to clarify the mechanism of “unidentified” trimer
formation [16–21], resulting in many possible scenarios
including charge-density-wave instability [16, 17], spin
Peierls-type [18], orbital ordering [19] and nesting sce-
narios under the synergetic effect of Coulomb interactions
and trigonal-field splitting [20]. Furthermore, the recent
studies using pair distribution function (PDF) analysis
revealed that the disordered orbital molecules often ap-
pear in high temperature paramagnetic phase in such
systems, possibly leading to the nonequilibrium physics
[10, 22]. Therefore, the identification of cluster patterns
in LiVO2 has been increasingly required.
Some previous structural studies are not contradic-
tory to the emergence of vanadium trimers in LiVO2.
Both the vanadium K-edge X-ray absorption fine struc-
ture (EXAFS) and PDF show peaks, which correspond to
the neighboring V-V distance, which split into two peaks
upon cooling below the transition temperature [12, 13].
This is expected to be realized when vanadium trimers
appear. Single crystal X-ray and electron diffraction ex-
periments clearly show the emergence of superstructure
spots at (1/3,1/3,0) and related positions, which is con-
sistent with the vanadium trimer models [14, 15]. In con-
trast to these findings, which indirectly supporting the
emergence of trimers in ab-plane, little is known about
the arrangement of cluster patterns along the c-axis di-
rection. Previous single crystal X-ray diffraction studies
have claimed that the superstructure peaks are accom-
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panied by diffuse streaks along the c∗-axis [14, 23], which
possibly indicates the absence of long-range ordering of
cluster patterns along the c-axis direction. We need to
consider the origin of diffuse streaks and construct a pos-
sible structural model for refinement.
Before addressing this issue, we introduce LiVS2, a sul-
fide analog of LiVO2, as a reference. While LiVO2 ex-
hibits a paramagnetic insulator to nonmagnetic insulator
transition at approximately 490 K [15], LiVS2 exhibits
a metal to nonmagnetic insulator transition at approx-
imately 314 K [8]. In LiVS2, on the basis of electron
diffraction and EXAFS experimental results, a trimer
pattern similar to LiVO2 is expected to be realized in a
low-temperature region [8]. On contrast, the diffuse scat-
tering along the c∗-axis direction has not been identified
in LiVS2, expecting us the trimer patterns appear with
a long-range ordering along the c-axis direction. There-
fore, the comprehensive structural studies of both com-
pounds should reveal the underlying factor which gener-
ates a long-range ordering of cluster patterns along the
c-axis direction, leading to a complete understanding of
the cluster patterns realized in low temperature phases.
In this letter, we report vanadium trimerization, which
commonly appears in low-temperature phases of LiVO2
and LiVS2. While the cluster patterns are long-range
along the c-axis direction in LiVS2, the long-range or-
dering is intrinsically absent in LiVO2. We suggest that
the parent stacking structures are responsible for the ab-
sence/presence of long-range ordering of cluster patterns
along the c-axis direction and propose a low-temperature
structural model for LiVO2, which consists of three possi-
ble trimer patterns per VO2 layer. One out of three pat-
terns appears arbitrary in each VO2 layer, resulting the
long-range ordering of cluster patterns is intrinsically ab-
sent along the c-axis direction in LiVO2. The simulated
PDF pattern obtained from the structural model fit well
the experimentally obtained PDF pattern at 300 K. Our
results successfully solve the longstanding issue of the
cluster patterns of LiVO2, and provide an experimental
basis for identifying the mechanism of trimerization.
All samples were prepared according to the recipe
suggested by Katayama et al. [8] and Tian et al.
[15]. Our synchrotron powder X-ray diffraction exper-
iments clarified that the ratios of Li/V are 1.00(3) for
LiVS2 and 0.97(1) LiVO2, respectively. Both samples
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2FIG. 1. (a),(b) Single crystal X-ray diffraction patterns of
LiVO2 at 300 K for the perpendicular (a) and parallel (b)
to c∗-direction. (c) Powder diffraction patterns above and
below the transition temperature of approximately 490 K in
LiVO2. (d) Rietveld refinement of LiVS2 at 300 K, assuming
the space group P31m. The obtained reliability factors were
Rwp = 5.033 %, Rp = 4.621 %, Re = 3.181 % and S = 1.5821.
The inset shows powder diffraction patterns above and below
the transition temperature of 314 K. (e),(f) Obtained crystal
structures of LiVS2 at 300 K.
were confirmed to exhibit clear transitions at the re-
ported temperatures using the synchrotron powder X-
ray diffraction experiment. Single crystal X-ray diffrac-
tion experiment was performed using R-AXIS RAPID-S
(RIGAKU) equipped with Mo target. Synchrotron pow-
der X-ray diffraction experiments with E = 19 keV were
performed at BL5S2 beamline equipped at Aichi Syn-
chrotron, Japan. RIETAN-FP and VESTA software were
employed for the Rietveld analysis and graphical purpose,
respectively [24, 25]. PILATUS 100K was used for high-
resolution measurement and high-speed data collection.
High energy synchrotron X-ray diffraction experiments
with E = 61 keV was performed for collecting the data
for PDF analysis at BL04B2 at SPring-8, Japan. The
hybrid detectors of Ge and CdTe were employed there.
The reduced PDF G(r) was obtained by the conventional
Fourier transform of the collected data [26]. PDFgui
package was used for analyzing the G(r) [27].
Figures 1(a) and (b) show the single crystal X-ray
diffraction patterns of LiVO2 obtained at 300 K. The
superstructure spots appearing at (1/3,1/3,0), and the
related positions clearly appear in Figure 1(a). How-
ever, the superstructure spots are accompanied by dif-
fuse streaks without any internal structures along the c∗-
direction, as shown in 1(b), while the fundamental peaks
remain sharp. As shown in Figure 1(c), the asymmetric
broad superstructure peaks appear in the powder X-ray
diffraction data below the transition temperature, consis-
tent with the single crystal X-ray diffraction results. The
FIG. 2. Schematic pictures of the (a) experimentally iden-
tified trimer arrangements of LiVS2 and (b) expected trimer
arrangement of LiVO2. Li ions are not displayed for simplic-
ity.
diffuse streaks appearing accompanied by superstructure
spots indicate the absence of long-range ordering of clus-
ter patterns along the c-axis direction in LiVO2.
In contrast to LiVO2, the prominent superstructure
peaks appear for LiVS2 below the transition temperature,
as shown in the inset in Figure 1(d). This observation
indicates the presence of long-range ordering in cluster
patterns along the c-axis direction in LiVS2. By assum-
ing the trigonal space group P31m, we can successfully
refine the crystal structure to obtain the low tempera-
ture crystal structure with vanadium trimers, as shown
in Figures 1(e) and (f). Of note, vanadium trimeriza-
tion displaces the nearest neighboring sulfur ion upwards
due to the increasing Coulomb repulsion between them,
which results in an uneven buckling structure of sulfur
layers on both sides of the vanadium layer, as shown in
the horizontal graph in Figure 1(f).
It is important to understand what distinguishes
LiVO2 from LiVS2 in the absence/presence of long-range
ordering of cluster patterns along the c-axis direction.
Here we explain that the difference in stacking structure
among them can be attributed to the absence/presence
of long-range ordering. While LiVO2 crystallizes in a 3c
structure with R3¯m, LiVS2 possesses a 1c structure with
P 3¯m1 at high temperatures. When vanadium trimers
are formed in Lower Layer as shown in Figure 2(a), vana-
dium trimers displace the nearest neighboring sulfur ions
upwards due to the Coulomb repulsion. The displaced
sulfur ion further displaces the facing sulfur ions in Up-
per Layer toward the inner-plane direction due to the in-
creasing Coulomb repulsion. This causes further periodic
shading of the Coulomb potential on the vanadium sites
in the Upper Layer, which leads to the unique arrange-
ment of vanadium trimers in Upper Layer. Specifically,
the long-range ordering of trimer patterns along the c-
axis direction is caused by the propagation of atomic dis-
placement accompanied by change in the Coulomb poten-
tial in LiVS2 with a 1c structure. When the trimers are
assumed to be realized in Lower Layer of LiVO2 with a
3c stacking structure as shown in Figure 2(b), the trimers
3FIG. 3. (a) Schematic picture of one of the 33 = 27 possible trimer patterns in a unit cell consisting of three VO2 layers.
(b),(c) Refined PDF patterns for LiVO2 in the range of 1.8 5 r(A˚) 5 14 (b) and 1.8 5 r(A˚) 5 28 for (c). A simulated pattern
obtained from 33 = 27 possible trimer patterns was employed for the fitting. (d) Schematic picture of one of the 36 = 729
possible trimer patterns in a unit cell consisting of six VO2 layers. (e) Refined PDF patterns for LiVO2 in the range of 1.8 5
r(A˚) 5 28. A simulated pattern obtained from 36 = 729 possible trimer patterns was employed for the fitting.
should displace the surrounding oxygen ions in a similar
manner to LiVS2. In contrast to LiVS2, however, the
trimer configuration in Upper Layer cannot be uniformly
determined in LiVO2 because three possible trimer con-
figurations become energetically comparable due to the
inherent 3c structure. We expect that the possible three
trimer patterns, shown in Figure 2(b), should cause a
kind of frustration, which lead to the intrinsic absence
of long-range ordering along the c-axis direction in the
trimer arrangements of LiVO2. Additional information
is supplied in the Supplemental Information.
Based on the abovementioned discussion, we construct
the possible structural model on the basis of the follow-
ing three policies. First, long-ranged vanadium trimer
arrangements appear in the ab-plane. Second, oxygen
ions are displaced in a similar manner to sulfur ions in
LiVS2 accompanied by trimerization. Third, there are
three possible trimer arrangements per VO2 layer, as
shown in Upper Layer of Figure 2(b), which results in 33
= 27 possible patterns in a unit cell consisting of three
VO2 layers. One of the possible patterns is schemati-
cally shown in Figure 3(a). Once the initial structural
model is constructed, we can check the validity of the
constructed model from the PDF analysis. If the above-
mentioned model is correct, we can refine the reduced
PDF G(r) data using the average calculated patterns ob-
tained from 27 possible trimer patterns. The refinement
details and obtained parameters are summarized in the
Supplemental Information.
Figure 3(b) shows the PDF analysis result of LiVO2
in the range of 1.8 5 r(A˚) 5 14. The G(r) pattern was
obtained from the high-energy synchrotron X-ray diffrac-
tion data collected at 300 K. It is observed that the cal-
culated results fit the experimental data well with a small
residual. However, when we expand the refined r region
up to 1.8 5 r(A˚) 5 28, a large residual appears in r(A˚) =
∼15 and the reliability factor becomes worse, as shown
in Figure 3(c). This result occurs because the current
model covers only the range of r(A˚) 5 ∼14.85, which
corresponds to the thickness of three-layers. In the cur-
rent structural model, the trimer pattern appears in a
unit cell consisting of three VO2 layers and reappears in
the neighboring three VO2 layers due to the translational
symmetry of the unit cell. This critically reduces the pos-
sible trimer patterns and makes the fitting worse in r(A˚)
= ∼15. On the basis of the abovementioned discussion,
we fitted the G(r) pattern in the range of 1.8 5 r(A˚) 5
28, which approximately corresponds to the thickness of
six-layers, using the average calculated patterns obtained
from 36 = 729 possible trimer patterns, as schematically
shown in Figure 3(d). The result shows a good fit with a
small residual, as shown in Figure 3(e). The abovemen-
tioned results clearly indicate our model of the cluster
arrangements in LiVO2 is correct, i.e., vanadium trimers
4crystallize in the ab-plane while they are in a glassy state
along the c-axis direction.
Thus, our structural studies clearly solved the long-
standing issue of the trimerization in LiVO2 and show
that vanadium trimers are indeed realized both in LiVO2
and LiVS2. The absence of long-range ordering of trimer
patterns along the c-axis direction in LiVO2 indicates the
transition intrinsically appears as a two-dimensional na-
ture, consistent with the fact that cluster formation ap-
pears as a clear first-order transition despite the appear-
ance of strong diffuse scattering. Although the arrange-
ment of vanadium trimers along the c-axis direction is
sharply different between LiVO2 and LiVS2, the ratio of
V-V distances between inner- and intra- trimers reaches
similar values: 0.848 for LiVO2 at 300 K and 0.831 for
LiVS2 at 200 K. This indicates that the strong bonding
nature commonly appears both in LiVO2 and LiVS2. Al-
though the mechanism of trimer formation is beyond the
scope of this paper, our results provide an experimen-
tal basis for the vigorous discussion, and the obtained
parameters contribute to further theoretical and experi-
mental understanding.
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Abstract
In this supplemental information, we supply the additional discussion about the possible trimer
arrangement in LiVO2 and the detailed conditions to refine the crystal structures of LiVO2 and
LiVS2. The corresponding cif files are also available.
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FIG. S1. (a) Possible six trimer patterns consisting of “regular trimer patterns” (A-C) and
“inverse trimer patterns” (D-F). (b) Ferro-type polarization caused by the regular trimer patterns.
(c) Antiparallel polarization caused by the contamination of “inverse trimer patterns”.
Safely Exclusion of three “inverse trimer patterns” from the candidates
Herein, we present the additional information about the possible trimer patterns in
LiVO2, discussed in the main text. In the main text, we discussed that there are three
possible trimer patterns per VO2 layer, and successfully refined the crystal structure using
PDF analysis. However, in principle, we can construct six possible trimer patterns in each
VO2 layer, as represented as A-F in Figure S1(a). Here, we discuss that we can safely ex-
clude three out of six patterns based on our single crystalline x-ray diffraction experimental
result, shown in Figure 1(b) in the main text.
As schematically shown in Figure S1(a), there are six possible trimer patterns per VO2
layer. Here, we call the A-C patterns as “regular trimer patterns” and D-F patterns as
“inverse trimer patterns”. In the main text, we considered “regular trimer patterns” always
appear in all VO2 layers. If this happens, the polarization caused by the uneven buckling of
oxygen layers on both sides to the vanadium layer appears toward the same direction in all
VO2 layers. That is, the ferro-type polarization should appear among VO2 layers, as shown in
Figure S1(b). When it happens, the interaction between neighboring layers retain constant,
leading to the constant distance between neighboring VO2 layers. On contrast, if the “inverse
trimer patterns” are included, the “inverse trimer patterns” definitely causes the antiparallel
2
polarization, as shown in Figure S1(c) which inevitably generate the inconstant interaction
between neighboring VO2 layers. Once it happens, the distance between the neighboring
layers becomes inconstant, should generate diffuse scattering and/or superstructure spots
in fundamental 00l peaks aligned along the c∗-direction. However, we can clearly exclude
the latter possibility depending on our single crystalline x-ray diffraction patterns shown in
Figure 1(b), where we can clearly find the sharp 00l fundamental peaks without showing
any diffuse scattering and/or superstructure peaks. This indicates that the “inverse trimer
patterns” are not realized in LiVO2, therefore, we can safely exclude three D-F trimer
patterns from the candidates.
3
Construction of structural model for PDF refinement
Here, we present the refinement details employed for PDF analysis of LiVO2. With the
reference to the parameters obtained from Rietveld analysis of LiVS2, the restraints were
determined to perform the PDF analysis of LiVO2. The obtained parameters are summarized
in cif files, which are attached to this letter.
Note that we attained some alart A and B when we apply checkCIF (https://checkcif.iucr.org/)
to the cif file of LiVO2. We attach the alert lists with the reasons at the end of this Supple-
mental Information. There are no significant alerts A and B for the cif file of LiVS2.
TABLE SI. The table presents the refined atomic coordinates for LiVS2 obtained from the Rielveld
analysis of synchroton X-ray powder diffraction data. The cif file is attached in this letter.
Site symmetry Coordinate
..m (3c) x,0,z 0,x,z x¯ x¯,z
P31m 3.. (2b) 1/3,2/3,z 2/3,1/3,z
3.m (1a) 0,0,z
Atoms Atomic Coordinates
x y z
LiVS2 Li (..m) 0.34664(86) 0 0.497(15)
V (..m) 0.29448(8) 0 0
S1 (..m) 0.66163(18) 0 0.76839(60)
S2 (3..) 1/3 2/3 0.22019(62)
S3 (3.m) 0 0 0.25633(59)
4
TABLE SII. The table presents the refined atomic coordinates with the restraints for one of the
twenty seven possible structures of LiVO2. Restraints were determined with the reference to the
refined parameters of LiVS2, presented in Table SI. Note that the unit cell contains three VO2
layers. In the table, the coordinates of one third of composing ions in the unit cell are supplied.
For the atomic coordinates of other two third, add (1/3, 1/3, 1/3) and (2/3, 2/3, 2/3) to the
parameters supplied in the table. In order to construct other possible twenty six trimer patterns,
add (1/3, 2/3, 0) or (2/3, 1/3, 0) to the coordinates of ions composing of each Li and VO2
layers. The combinations should lead to the possible twenty seven structural models in total. The
parameters were obtained by PDF analysis of reduced G(r) data obtained from the high energy X-
ray diffraction experiment. The result is shown in Figure 3 (b) in the main text with the obtained
parameters are xO1 = 0.648609(740), zO1 = 0, zO2 = 0.151166(120), zO3 = 0.162764(120), xV
= 0.298449(49), zV = 0.077528(130), xLi = 0.351(24) and zLi = 0.2469(42). The cif file is also
available.
Atoms Atomic Coordinates
x y z
LiVO2 (1st Layer) O1 xO1 0 zO1
O1 0 xO1 zO1
O1 x¯O1 x¯O1 zO1
V xV 0 zV
V 0 xV zV
V x¯V x¯V zV
O2 1/3 2/3 zO2
O2 2/3 1/3 zO2
O3 0 0 zO3
Li xLi + 2/3 0+2/3 zLi
Li 0+2/3 xLi + 2/3 zLi
Li x¯Li + 2/3 x¯Li + 2/3 zLi
5
